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NATIONAL ADVISORY COMMITTEE FOR AZRONAUTICS

ADVANCE CONFIDENTIAL REPORT

EFFECT ON HELICOPTER PERFORMANCE OF MODIFICATIONS
IN PROFILE-DRAG CHARACTERISTICS OF ROTOR-BLADE
AIRFOIL SECTIONS
By F. B. Gustafson

SUMMARY

Performance calculations are presented for a typlcal
helicopter rotor in which three types of airfoll sectlon
were successlvely used. The types represented are the
rough conventlonal, the smooth conventional, and the
laminar-flow or low-drag sectlions as developed for hell-
copter use. The performance ltems covered are rotor
thrust for fixed power 1n hoverling, range and endurance
at crulsing speed, and power required at a relatively
high forward speed. Contours snowing the conditions of
operatiocn encountered by thoe blade section and welghting
curves showing the relatlve Ilmportance of the wvarious
sectlon angles of attack for specifiied flight conditions
are included as an aid in the 1lnterpretation of the
results.

The calculatlions indicated that the use of a smooth
conventlonal section wlll result in marked performance
gains throughout the flight range. Deflnite, though
smaller, additlonal galns In take-off welght and in
range and endurance may be reelized by the use of a low-~
dtag section. At high forward speeds or at moderate
forward speeds and high loadings, however, losses are
indicated for the low-drag sectlons in contrast with the
smooth conventional sectlons. It ls demonstrated that,
1f these losses are to be avolded, the low-drag sectlons
must be deslgned to avoid the extreme rise in drag coeffi-
clent at the higher angles of attack which is charescter-
i1stlc of the low-drag sectlons now-available for use in
hellcopters.
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INTRODUCTION

It is generally recognlzed that an important part
of the power required to operate a helicopter ls absorbed
by the profile drag of the blade elements; consequently,
considerable interest has been shown in the possibility
of using leminar-flow, or low-drag, alrfoll sectlions in
helicopter rotors. A recent report (reference 1) described
the characteristics of several low-drag sections that
were developed especially for use in helicopters. Pre-
vious low-drag sectlions had elther excessive pltching-
moment coefflclents or low drag only at extremely low
11ft coefficlents. The sections of reference 1 were
designed to give the maximum lift-drag ratio (L/D)p g,

obtainable with zero pitching-moment coefficlent, over
an appropriate range of Reynolds number.

In order to indicate the magnitude of the performance
galns that might resvlit from the use of the new sectlions
and to provide a gulde for tie development of additlonal
sectlons, an analysis has besn made for several condi-
tions of flight for & helicopter of assumed character-
istics. The method of analysls usad for hovering flight
differs conslderably from that used for forward flight.
The results for the two flight conditions accordingly
are presented separately. Material that 1s not essential
to the anaelysls but provides substantial aid in under-
standing the results has been incorporated in an appendix.

SYMBOLS

R rotor-blade radius
b number of blades
c blade chord
r radlius of blade element
x = L

R
0 pltch angle of blade element
91 difference between hub and tip pltch angles (posi-

tive when tip angle 1s greater)
SR
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975 blade pltch angle at x = 0.75
Q .rotor angular veloclty, radlans per second
v forward speed
tip-speed ratilo \') 995—9)
b p-sp ( s
a angle of attack of rotor disk
A\QR speed of axial flow through rotor disk (positive
upward)
Qg section angle of attack (absolute)
Cdq sectlon profile-drag coefficlent
cy section 1ift coefficient
a slope of 1lift coefflclent agalnst section angle of
attack (radian msasure)
o solidity; reatio of total blade area to swept-dlsk
area (bc/mR)
T rotor thrust
T
C thrust coefficlent
T ° (pﬂ"vﬁﬂ)
Ce torque coefficient Rotor'torque>
pﬂaﬁR5
P power
Cp power coefficlent (ﬁotor-shaft power 1nput)
pd5;R5
Cp,  1lift coefficient (HItor 11“)
vemRe
2P
an angle of attack of blade element from zero 1lift
ag angle of attack of blade element at tip
uTQR veloclity component at blade element perpendlcular
to blade span and parallel to rotor disk
uPQR veloclty component at blade element perpendicular

to blade span and to uqgfiR
S
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u.
=t -1 _R
¢ an G

v blade azimuth angle measured from down wind in
direction of rotatlon

i} gross welght, pounds

w/s rotor disk loading, pounds per square foot

hiy parasite-drag area, square feet
p alr density

Subscripts:

1 induced

o proflle

HOVERING FLIGHT

In order to lndicate the effect of variatlion in air-
foll sectlon drag characteristics on the useful load that
can be carried, the rotor thrust developed by a fixed
shaft power was calculated for an assumed helicopter
rotor in which three differsont types of eirfoll section
were successlvely used. The calculations were, in each
case, carrled out for a serles of blade pltch settings.

Sample Hellcopter Rotor

The sample helicopter was assumed to be in hovering
flight at sea level. The rotor characteristlcs were
taken to be as follows:

Rotor radius, feet . . « ¢ ¢« ¢ ¢ ¢ o ¢ ¢« « o « o « « 20
Solidity ¢ ¢ ¢ 4 ¢ 4 e e v s e e e e e e e e . « 0,07
Blade plan form . « . ¢ ¢« ¢ o ¢ o & o o & = Rectangular
Blade twist . . . . + « e s s a s a2 s « o« s« « None
Power availlable at rotor, horsepower « « o « . . » « 260
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Alrfoll Section Cheracterlstics

. The. NACA 3-~H-13.5 sectlon was chosen as -representa-
tive of the new low-drag sections of reference 1. The
NACA 23015 section, for which data are alsoc glven in
reference 1, was included to permlt comperison with a
smooth conventional section. In order to permit compari-
son with a conventional sectlion in a conditlon belleved
to be typicel of present-day rotors, a “rough" conven-
tionel section was included; the drag curve for thils
sectlon 1ls a composlte of data from various sources.

The curves of proflle-drag coefficlent agalnst angls
of attack used for the three sections are shown 1n I[lg-
ure 1. These curves are represertative of Reynolds
numbers corresponding to ilhe outer part of the rotor dlsk,
in which most of the proflle-drag losses occur. As ls
shown in the appendix the Reynolds number, Mach number,
end angles of yaw encountered by the rotor blade vary
considerably nver thn rotor dlsk. No attempt was made
to moéify the curves of figure 1 to allow for these
varlations; the analysis is thus a comparison of drag
curves revresentetive of certaln types of airfoil ssaction
rather than of specific sections.

The profile-dras valuss avallablie for high angles

c¢f attack vere incomplete, espzclally for the NACA

3-H-1%.5 gectlion. The drapg data of reference 1l reach
an angle of attack ol 15° for the WACA 23015 ssction
and of 10° for the NACA 3-H-13.5 section. The following
relation, which is based largely on a composite cf all
the data for high angles of attack of reference 1, was
used to axtend these data as nscessary:

Acgy = 0.25 (e3!' = cy)
whers
4cq, 1lncrement in proflle-drag coefficlent above value
at upper end of stralght-line portion of 1ift
cur've

c¢y' 1ift coefficient as glven by extension of straight-
line portion of 1lift curve

This method gives results that agree with the avallable
values for high angles of attack for the low-drag sectlions
of reference 1 within about +20 percent. It 1is also in
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approximate agreement with drag data for other alrfolls
at angles of attack beyond the stall.
The slope of the airfoll sectlion 1lift curve was
taken as 5.85 throughout the analysis.
Method of Calculation of Thrust for Fixed Horsepower
Thrust.- The rotor thrust T 1is
T = CpenRi?
or, for the assumed rotor,
T = 1195Cp(P (1)
The value of Cp for a given blade pitch setting

may be obtained from equation (1ll) of reference 2, which
may be written

2 [a5 2 43 7
cp = o fa*%%';'e;"’(a_—)zl%-@) %**%%JJ
3

where

aa a
“\/(g) *h g3

In order to obtaln an expression for £}, the power
requlred and the power avallable may be squated as

P = 260 hp = pmRA2 Cg, 5—‘515 + pmRIQ® Cq, 5_‘526
hence,
_ \3/ 260 (2)
h3.h6(CQi + CQo)

Induced torque coefflclent.~ The value of: ch
for a given pitch setting may be obtained by using the
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figurs-of-merit equation of reference 2, which may be
wrritten

6.3/2
T
Cq
hence,
6 3/2
0'707—131?:_-

CQi

Values of 1II; for any specified wvalue cf pltch may be
obtainsd fr&% floure 17 of reference 2. Ths factor in
the above equation is 0.707 instead of 1/2 as in refer-
ance 2 cince p/2 was used in the definltion of Cqp
and C,. 1n reference 2, whereaes p 13 used 1ln the
defini%ions throuvglout the present report.

FProfile torque cosfficient.- In order to obtain the
desiraa values o CQo Ior a Jdrag curve of arbitrary form,

it 1s neceszary first to calculate the induced angle of
flow at a series of rsdli for each of the apeclfied pitch
ain-lss. This calculation was made by meens of equa-

tion (11) of referencs 2, which msy be written

¢=.o_e_\/(e)2+uez

2z|8 8 8 o

here an upwerd inclination of the flow 1s associated
with po2itive values of @3 hencs,

¢ = "—fcﬁ (0-731 ~ +0.53L +hféﬁj

The enarles of attack are then obtalned irom the relstion
o =0 + @

Scmple curves of engle of attack against fraction of
redivs are shown in figure 2,
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The torque coefflclent per f-cht ofaradius can then
od X
be obtained from the expression > The torque
21R
coefficlent for the entlre rotor is then readily obtained
by graphical integration,

After both ch and GQO ‘are obtained, equation (2)

may be solved for £ and equation (1) may then be solved
for T,

Results of Hovering Analysls

Rotor thrust was calculated for a range of piteh
angle from 7° to 21°. The results are shown in figure 3,
Curves for zero profile drag and for the still more ideal
case of zero profile drag together with uniform induced
veloclty have been Included for comparison. The maximum
section angle of attack, that 1s, at the blade tip, 1s
indicated in figure 3 along with the blade pitch., At the
higher pitch angles, the slope of the airfoll 1ift curves
falls off and the calculated thrust walues are optimistic.
These portions of the curves have bheen drawn as dashed
lines,

Discussion of Results of Hovering Analysis

It 1s epparent from figure 3 that, within the range
of tip speed corresponding to present practice, the rela=
tive merit of the three sections being considered remains
virtually fixed. A change from the rough conventional
sectlon to the smooth NACA 23015 section results in an
increase in rotor thrust of more than 300 pounds.
Changlng from the smooth NACA 25015 section to the smooth
NACA 3-H-13.5 section results in a further increase of
approximstely 200 pounds. It 1s noteworthy that only
about 300 pounds more could be gained 1f the profile
drag could be made zero.

The calculated values of maximum avallable thrust
shown in figure 3 are greater than the gross welght
assumed in the forward-flight analysis. The lower gross
wolght was assumed because, in a practicable machine,
the abllity to hover at altitude and the ablllity to
take off with an overload are consldered desirable
features,
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FORWARD FLIGHT

Of the varlous performance characteristics assoclated
with forward flight, range and endurance seem of
greatest interest at the present time. Calculations of
range and endurance at a particular airspeed (approxi-
mately that for minimum power) consequently were made
for a sample helicopter in which the three airfoll sec-
tlons previously described were used successively. A
fuel load of 10 percent of the gross weight was assumed
in each case. The power absorbed by all items other
than the rotor, including cooling fans and torque-
compensating devices, was allowed for by assuming a
specific fuel consumption of 0.55 pound per rotor
horsepower-hour, which 1ls approximately 15 to 20 percent
higher than the normal value for crulsing power.

Because of the irregular shape of the drag curve for
the low-drag airfoll, analytical treatments of the rotor
profile-drag losses, such as that of reference 3, were
not feasible and graphical methods were used.

Sample Helicopter and Assumed Conditions
The sample helicopter was assumed to be in level
flight at sea level and to be operating under the fol-
lowing conditions:

Forward speed
Feet per second « « « « « + &

Miles per hour . . . ¢ o s o o o e s e » 5
Rotor tip speed, feet per “second . . . . . e L4100
Tip-Speed I'a.'bio . o . . [y . . . . e . '] . . o e . o 0 2

The geometric characteristics assumed were as

follows:

Rotor radius, feet . . . ¢« ¢ ¢ ¢ o« o ¢« o2 ¢ « « ¢« + « 20
Disk loading, pounds per square foot . . . . . . . . 2.5
Gross weight, pounds . . « . . ¢« ¢« ¢ ¢ ¢ ¢« « « « « 3140
Blade Plan form . . . « « « « =+ » » « « . . Rectangular
Blade twist . . . ¢ ¢ ¢ ¢ ¢ ¢ ¢« ¢ « ¢« ¢« « ¢« o« « « None
SOlidity [ [ ] L] L] - L] L] L] ] L] [ ] L L ] e L] [ ] L] L] * [ ] L) 0.07
Parasite-drag area, square feet . . . . . « ¢« « . . 15
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Except where otherwlse lndicated, the foregoing .
assumptions apply to all results presented for forward
flight. It will be noted that the geometric character-
istlcas assumed for the rotor are the same as those used
in the hovering analysis.

Method of Analysis

The power absorbed by the rotor may be considered
as the sum of the power requlred to overcome the parasite
drag, the induced drag, and the rotor-blade profile drag.
The power required to overcome the parasite drag is

1l v

= 16.6 horsepower

which i1s considered to be constant. The horsepowenr
required to overcome the induced drag is

oV
P=@ W
1 1 550
As explained in reference 3, the induced D/I. 1is simply
gﬁ{h' Because the change in weight is small, the use of
ave

rage welght is considered permissible, and the
average lnduced power 1s then

Py = 0.0783 x 2980 x %

250

= 3%.9 horsepower

The calculation of profile-drag losses 1is much more
complex and 1s described in some detail.

Calculation of angles of attack.- Any graphical
treatment of profile-drag losses requires knowledge of
blade section angle of attack at wvarlous points on the
rotor disk. In order to calculate the angle of attack
of a blade element at any given point, it is necessary
first to calculate the required blade pltch, the inflow
velocity, and the blade flapplng coefficlients. The
piteh and the inflow veloclity were determined by means
of the analysis described in reference l;. This analysis

e s e LT s T P Y O} O P S e e -, ~yps -
A e Y T A RN s (NN i SR il i wr AL

AL 2ty B SRR, T Y POV SO
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extends the analysis of ref'erence 3 by the addition of a
parameter thet represents the shaft power supplied to
the rotar.s.. The. flapping coefflcients were then deter-
mined by equations (1) to (5) of reference 3.

In determining the piteh and inflow veloclty, 1t
was necessary to estimate the rotor profile-drag losses.
This estimation was accomplished by use of a specifilec
aelirfoll drag curve as represented by a power series.

The drag curve used corresponds to that employed in the
example of reference 3, but the resulting values of
rotor proflle drag were decreased about 10 percent to
provide a better approximation te the characteristics

of the smooth sectlions being considered 1n the present
study. In & strict sense, a different combinatlon of
plteh and irnflow velocity should be determined for each
section, particularly for the rough conventlonal section,
because of the difference in requlired power lnput; how-
ever, the effects of such changes in the comblnation of
piltch and 1nflow veloclty are negllglble except 1in cases
in which the rsotreating tip-section angles become high
enough to produce excesslve drag. The effect of an
extreme change 1ln power input and in the resulting combil-
natlon of pitch and inflow velocity may be noted by
referring to the example given in the appendix; this
example compares the rotor profile-drag losses when

15 square feet of paraeslte-drag area and zero parasite-
drag area are successlvely assumed at a relatively high
forward speed.

The normal and tangentlal components of veloclty
relative to a blade element were obtained from the fol-

lowing expresslons, which are modifications of equa-
tions (8} and (9) of reference 5:

up = Ky + x
where

Ky = psinv

K2 7\-+5p£1+(-pao+§pa2) cos ¥ +5pby sin V+5ua; cos 2V
+ Lub, sin 2y +3 +1 in 3V
2Hoy 8in 5pay cos 3 +3uby sin 3
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Kz = by cos ¥ - a8y 8in ¥ + 2b, cos 2y - 2a, sin 2¥

and a5, 83, 85, by, and b, represent coefficlents

in the Fourier series expressing the blade flappling
motlon.,

In reference é the angle of attack of an element an
u
1s shown to be equal to 8 + tan=l -E. 1In the present

analysis, the tangent was assumed equal to the angle in
radlans; hence, the angle 1n degrees is

rd un
= » e & e
a, = 57 5(\ 3 )

Values of a, were calculuted at every 10° azimuth and

at Intervals of 0.1lR over 'the blade radius, so that
velues were provided at a total of 360 points on the
rctor disk. .

Profile-drag power loss.- The rate of profile-drag
onergy dissipetlon for a blude element of unit length is
the product of the drag and the relatlive veloclty, or

QR Qr
Py = %p(uT ) bccdo E‘Li

cos @ cos @

For the conditions of operatlon covered by the present
analysis, 2 negligible error 1ls introduced by the omls-
sion of cos @ &and the proflile-drag power loss per foot
of radius becomes

P, = %p(uTﬂR)3 be eg,

By using the assumed values of solidlty, blade radius,
and tilp spoed, there is obtained in foot-pounds per
second per foot of radius

Po = 334,000ur’cq, (3)

In order to obtain the total power for a gilven airfoll,
the drag coefflicient corresponding to the calculated
angle ol attack at each polnt in the dlsk 1s used succes-
sively in equation (3). The detalls of the lntegration
of the 360 values are omitted.
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In order to obtaln curves of profile-drag power loss
agalnst welght, calculatlions of angle of attack and energy

loss were carried out for five values of
The ‘resulting“curves are shown in figure-

oss welght.

The values

for the rough alrfeoll obtalned analytically are included
for comparison with the values obtained graphically. 1In
order to permlt such calculatlons, the drag curve of
figure 1 for the rough eslrfoll was made to have, up to

an angle of attack of 10°, the same form as that of the
example given 1n reference %; tho ordinates were, however,
increased 28 percent in order to make the desired allowance

for surfece roughness.

Values of D/I. obtalned as

described in reference 3 could thus be used after belng
increased 28 percent.

Calculation of Range and Endurance

By uslng the average profile-drag loss 1n horsepower,

as glven by flgure

, for the range of weight from

3150 pounds to 2830 pounds, the average total rotor drag
losses for each airfoll section may be evaluated as

follows:

Airfoll
Drag Rough Smooth Smooth
l?fs§s conventional | NACA 23015 | NACA 3-H-15.5
1p
Parasite 16.6 16.€ 16.6
Induced zé.9 33%.9 3%.9
Profile T.3 27.% 20.9
Total 97.8 77.8 70.5

By assumlng a speclfic fuel consumptlon of 0.55 pound
per rotor horsepowsr-hour, the values of range and

endurance are

as follows:

4irfoll Rough Smooth Smooth
conventlonal | NACA 23015 |-NACA 3-H-13.5
Range, miles 320 1,00 hl0
Endurance,
hours 5.8 73 8.1
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High-Speed Condition

As an indication of the effect of tip-speed ratlo
on the relative merlt of the airfoll sectlons, calcula-
tlons were made for the sample hellcopter at a tip-speed
ratlo of 0.53. The corresponding forward speed becomes
120 feet per second, or about 80 miles per hour; all
other assumptlions are as previously glven. The drag
losses then are as follows:

Airfoill
Drag Rough Smooth Smooth
l?sses conventlional | NACA 23015 | NACA 3-H-13%.5
hp)
Paraslte 56.0 56.0 56.0
Induced 25.0 25.0 23.0
Profile £7.5 33,5 54.5
Total 148.5 11}4.5 135.5

The hlgh proflle-drag loss for the low-drag section
results from the high drag values asbove the low-drag
notch; this polnt 1s demonstrated 1ln the appendlx.

Discussion of Results of forward-Flight Analysils

It is apparent from figure l that the relative merit
of the airfolls depends on the loading used. Certaln
aspects of the ccmparison are brought out more clearly
by plotting the profile drag-1ift ratio (D/L), instead
of power loss. Flgure 5 shows thls factor plotted
against the loading factor 2Cm/0a, which is more
general than but 1s proportional to welght or loading.

It 1s evident that the optimum (D/L) occurs at a
considerably lower loading for the NACA 3-H-1%.5 sec-
tlion than for the NACA 23015 section.

Although a relatively small portion of the rotor
dlsk 1s affected, 1t should be polnted out that the
assumption of constant lift-curve slope is not strictly
valld at the high loadings and at p = 0.3. The calcu-
lations for the NACA 3-H-13.5 sectlion, 1n particular, are
increasingly optimistlc as these condlitions are reached.
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CONCLUSIONS

The effect of modifications in the airfoll sectlon
drag characteristics, as 1lndlcated by the theoretical
performence analysis made for the sample helilcopter, may
be summarized as follows:

1. The use of the sectlion characteristics taken as

representative of a smooth conventlonal section instead

of those taken as representatlive of a rough conventional
sectlon resulted in an lncrease of approxlimately 9 percent
in the rotor thrust avallable with flxed shaft power 1in
hovering, an increase of 25 percent 1n renge and endurance
(with equal fuel load) at crulsing speed, and a reductlon
of 23 percent 1n the power required at a relatively high
forward speed (80 mph; tip-speed ratio, O. 3).

2. The use of the section characterlstics taken_as
representative of the low-drag airfolls of NACA CB
No. 3I13 1lnstead of those for tine smooth conventlonal
ssction resulted in a further lncreass of approximately
5 percent in the rotor thrust available with flxed shaft
power in hovering and an addltional lncrease of 10 per-
cent 1n range and endurance at crulsing speed; however,
at the hlgh-speed condition, an increase of approximately
18 percent in the power required was indlcated.

3. If the losses shown Tor the low-drag sectlon at
hizh spesds and at moderate speeds and high loadlngs are
to be avolded, the low-drag sectlion must be designed to
prevent thke extreme rise in dreag coefficlent at the
higher angles of attack exhiblted by the low-drag sections
of NACA CB NWo. 3Il3.

Langley Memorlal Aeronautical Laboratory
National Advisory Committee for Aeronautles
‘Langley Fleld, Va.




16 U NACA ACR No. ILHO5
APPENDIX

CONDITIONS OF OPERATION ENCOUNTERED BY TEE BLADE
SECTION AND EFFECT OF VARIATIONS IN ASSUMPTIONS

Contours of angle of attack and power loss.- In order
to make the reason for the results obtalned in the forward-
flight analysis more evident, contours of angle of attack
and power loss were prepared. The source of the values
of sectlon angle of attack has already been sufficlently
explalned. In order to show the relatlive lmportance of
a glven increment in drag coefficient in the different
parts of the rotor disk, the expresslon previously given
for power loss per foot of radius was modlified by dividing
by tiae area of the annulus at the approprlate radius; the
resulting expresslion for the power loss 1ln foot-pounds
per second per square foot of disk area for & profile-drag
coefficlent of 0.01 1s

3
P, = 26.60 —I-
X

Contours for the set of conditions initlally assumed
are shown in figure 6(a). Figure 6(b) shows the effect
on the contours of lncreasing the assumed valus of
solidity. Changes 1n loadling produce simllar effects,
since the higher sclidlty 1s comparable with lowsr
loading. Contours for the orlginal solldlty but for
p=0.35 (V= 8 mph) instead of p = 0.2 (V = 55 nmrh)
are shown 1n figure 7.

Wolghting curves.- The contours in figures 6 and 7
indlcate that a glven lncrement or profile-drag coseffi-
clent 1s more important at low than at high section
angles of atteck. It is difficult, however, to Judge
the significance of certaln factors = Tor example, the
abrupt rise 1n drag coefflclent at high angles of attack
shown for the NACA 3-H-13.5 sectlon (fig. 1). 1In order
to permit more rapid quantitative Judgement of such
factors, the data may be combined for the two sets of
contours into a single curve showing the relative impor-
tance of different parts of the curve of alrfoll section
profile~draz coefficlent agalnst sectlon angle of attack.
This weighting curve 1s desligned to show the amount by
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“which the power consumed 1in overcoming the proflle drag

of all the blade elements operating at any particular
engle of attack 1s increased if the alrfoll section drag
coefficlent corresponding to that angle of attack 1s
increased by some convenient increment, for exemple, 0.0l.
Such a curve has the further merit of permitting rapid
calculation of total power for any alrfoll sectlon; it 1s
necessary only to multiply the -ordinates of the curve of
proflle~drag coefticient against angle of attack charac-
teristle of the alrfolil section by the ordinates of the
welghting curve and obtaln the area under the resulting
curve,

In order to obtain such a welghting curve, the range
(or ranges) of azimuth engle (¥ to V¥p) through which
a glven range of angle of attack Sarl to ap,) was
malntalned was determined for a given radlius by using a
plot of angle of attaclk against azimuth angle for that
radius. The process was repeated for succesasive ranges

of engle of attack until the entire circumference was
accounted for. The appropriate average value of uT5

for each range of azlmuth angle was then read from a

plot of uT3 against azlmuth angle. Ordinates for the
wolghtling curve for the specifled radius were then obtairmed
by means of tre expression for the energy per second per
degree angle of attack per foot of radlus

v, - 1
1 —3q3.3 %2 " W
2PP¢ Ao TR 380 ®rp ~ %ry

where ﬂTS 1s the average value of uT3 for the range
from Yy to VYp. It was found that increments of angle

of attack of 0.2° provided ample detall in the final
curve,

The process was repeated at lntervals of 0.1R over
the blade radius, The resulting welghting curves for
representative radll and the over-all welghting curve
obtalned by a summation of the curves at the varlous
radil are shown in figure 8 for u = 0.2. Values of
power obtained by use of the curve of figure 8 and other
values obtained from each of a number of other welghtling
curves were checked against corresponding wvalues obtalned
by the more laborious point-by=point method already
described, and the answers agree within t0.3 horsepower.
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In order to permit ready applicatlion of the welghting
curves to rotors differing from the sample rotor 1in chorg,
radius, or alrfoll sectlon and likewlse to rotors oper-
ating at different tlp speeds and altltudes, the curves
have been plotted 1n nondimensional form. The use of the
curves for calculation of the profile-drag loss for a
particular rotor and a particular ailrfoll sectlion involves
the followlng steps:

(1) Multiply the ordinates of the welghting curve
by the ordlnates of the curve for airfoll section profile-
drag coefficlent

(2) Multiply the resulting ordinates by 100 to allow
for the fact that the welghting-curve ordinates were °
glven for C3, = 0.01

(3) Obtalin the area under the resultlng curve and
thus obtaln the total value of Cp/o

(L) Multiply the value of Cp/o by the factor

T
550

Steps (2) and (l) may of course be combined; the factor
for the sample rotor is then

100 x 0.07 x 0.002378 x (20)° x m x (20)7
550

Effect of varlations 1n helicopter characterlistics

and flight conditions.- The welghting curves provide a
convenlent means for indlcating the effect of changes in
assumptlions on the airfoll requirements. The effects of
tip~-speed ratlo, loading, solidity, blade twist, and power
input are thus indicated in figure 9. Corresponding
profile-drag losses for the drag curves under considera-
tion are glven in table I.

= 2.43 x lO6

Source of losses indicated for low-drag alrfoll.-

Comparlson of the welghting curves of figure 9 with the
proflle-drag curves of figure 1 shows that, for the
conditions 1n which the low-drag airfoll shows losses
instead of galns, these losses result from the extremely
high values of proflle-drag coefflcient at the high angles
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of attack. The polnt is brought out more clearly in fig-
ure 10, which shows the curves that result from multi-
plying the drag curves. of .fi e 1 by the correspondlng
welghting curves of figure 9(a) for p = 0.3.

Preliminary results (unpublished) of additlonal low-
drag eirfoils intended to reduce these losses at high
angles of attack indlcate that considerable progress may
be expected.

Condltlons of operatlon lgnored in analysis.-
Simp1IfyIng assumptlons or procedures, which have been
used 1in the analysis but have not been discussed and may

be suspected of endangerlng the validity of the compari-

sons made, 1lnclude:

(1) Use of statically measured section character-
1stlics wlth no allowance for effects due to rotation

(2) Assumption of uniform inflow veloclty (forward-
flight analysis only)

(3) Use of sectlon charactsristics corresponding to
a single Reynolds number and a single Mach number as
applylng at all points on the rotor disk

(L) Neglect of effect of angles of yaw on section
characterlstics

Past experience indicates that airfoll sectlions used
in rotating blades exhlbit characteristics similar to
thelr statlically measured sectlion characteristics. Pos-
8lble effects on the characteristics of the low-drag
sections are conjectural.

The effect of nonuniformlty of iInflow veloclty was
exemined in reference 6, and 1t was concluded that the
net effect on the rotor forces was secondary.

The method of analysis used would permit study of
1tems (3) and (L), or even inclusion of the effects 1in
the analysls if such were deemed desirable and 1f suffi-
clent section data were avallable. Although the data at
hand are insuffilcient to permit complete calculations,
it 18 of interest to note the magnitude of the varliations
of Reynolds number, Mach number, and angle of yaw. -
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The Reynolds number, which was taken as approxl-

mately 5 X 106 in choosing the draeg curves, actually
varies from O to L.5 x 10 In a typlcal case. The value

2.8 x 106 corresponds to the mean value at x = 0.75
when the number of blades 1s taken as three. Flgure 11
shows tre varlatlon of Reynolds number over the rotor
disk for two tlp-speed ratios. Redlal components of
velocity are lgnored. Comparison with figures 6 and 7
indlcates the reglons in which the greatest differences
might result 1f the drag curves were varled with Reynolds
number.

The contours of flgure 11 may also be used in estl-
mating Mach numbars. For this purpose, the values shown
on the centours should be multiplied by 0.00001lQR. For
the sample rotor in-forward flight, QR = L00; hence,
the Mach number is approxlmately equal to the valus shown
on the appropriate contour line timez 0.0056. For

= 0.2, the maximum tip Mach number 1s thus 0.2 at
= 900 and the minimum is 0.28 at ¥ = 270°.

The variation of angle of yaw over the rotor disk
at a tip-speed ratlo of 0.2 is shown iIn figure 12. The
same contours can also be appllied to any value of pu
above 0.2 by placling a new outer boundary at a radius
equal to 0.2/p times the original redius; the tip
clrcle for p = 0.Li has been drawn in as an example.
It is or interest to note that thke reglons which appesar
in figures 6 and 7 to be the most critilecal - that 1s,
the reglon of high powsr loss per unlt drag coefficlent
on the advancing side and the rsglon in which tip stalling
i1s approached on the retreating side - include relativzly
low enzles of yaw.
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TABLE I.- EFFECT OF VARIATIONS IN HELICOPTER CHARACTERISTICS
AND FLIGHT CONDITIONS

Profile-drag loss
(hp)
Figure Conditions For For rough For smooth | For smooth’
(a) cq. =0.01 | conventional { NACA 23015 | NACA 3-H-13.5
° section section section.
Effect of loading (hovering flight)
p | W/8 8
(b) (deg)
0 |1.55 7 30.2 33.7 21.; 16.0
9(a) 0 |3.33 13 30,2 50.5 28.2 lh.z
0 }5. 19 30.2 9.2 42.3 204.
Effect of tilp-speed ratlo
p | w/s 8 NATIONAL|ADVISORY
(b) (deg) COMMITTEE FOR AERONAUTICS
0 2.5 10.3 30.2 4o.6 23. 1}.2
9(a) 21 2.5 337 9.0 27. Zﬁ.z
312.5 38.3 7.5 33.5 545
Effect of loading
M W/s
0.2 1.9 33.7 2.3 25.3 18.2
9(b) 2.5 33.7 hg.o : 27. 23.2
5.1 33.7 58.8 51.3 54.3

8711 conditions not specifled correspond to original assumptions.

bAJ,l values given for p =0 are for tip speed of 100 fps to permit
comparison with values for forward flight.

TR  COHtT °oN ¥OV VOVN
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TABLE I.~ BEFFECT OF VARIATIONS - Concluded
Profile—drgg loss
(hip )
Filgure Conditions For For rough For smooth | For smoocth
(a) ¢g, =0.01 | conventional{EACA 25015 | NACA 3-H-13.5:
section section section
Effect of solidity
. o]
‘ \
9(c) 0.2 0.07 | 23,7 L9.0 27.8 23%.2
L1060 4c.1 55.6 26.2 26.1
Effsct of blade twist
L 81
(dez)
9(a) 0.3 0 56.9 7.5 555 i
-2 | z3.3 51,5 31.1 2.
Effect of power inputb
{'l
B 91‘ £
(dsg) {(sq Tt)
9(e) 0.3 -8 15 38.3 5l 2 31.1 L2l
Y 2043 55.¢ 30.8 35.9

2A11 conditions not specified corresnmond Lo original assum tions.
I ! [&]
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Figs. 4,5 . NACA ACR No. L4HO5
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(a) Original solidity; A = -0,0385; 8 = 9%; o = 0,07; —6-5'1-' = 0,0321,

NATIONAL ADWSORY
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2
ncreased so ity; A= =0, H = sy o= 0,10 —= =0, .
(b) T d solidit 0.0350; 8 = T° 0.10 ;;T 0,0225

Figure 6,- Contours of power loss and angle of attack for sample
helicopter rotor and for an alternate rotor with hilgher
80l1idity and lower pitch., V = 55 miles per hour; p = 0,23

%’= 2,5 pounds per square foot. _
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Flgure 11,~ Gontours of Reynolds number for u = 0,2 and # = O.4, Reynolds number

- equals 100{JRc times value shown on contour., Valuee for -standard cenditlions at
sea level, For sample rotor, Reynolds number equals approximately 60,000 times

values shown,
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Fig. 12 ARSI, NACA ACR No. L4HO5
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Figure 12,- Contours of rotor-blade angle of yaw for i = 0.2,
Angles shown are ln degrees, Contours may be used for any
tip-speed ratic u above 0.2 by placing & new rotor boundary
(x = 1.0) at a radlus equal to 0.2/y. times the radius of the
boundary shown for u = 0,2. As an example, the boundary for
p = 0.4 has been drawn in,




TABLE I.~ EXFECT OF

VARIATIONS -

Concluded

Proflle-drag loss

(hp)
Figure Condltions For For rough For smooth | For smooth
(a) ¢q, =0.01 | conventional |HACA 23015 | NACA 3-H-13.5;
section section section
Effect of solldity
M) o
9(c) 0.2 | 0.07 33,7 19.9 27.8 ‘23,2
.10 3.1 55.6 32.2 26.1
Eff zct of blade twist
K 91
(deg)
9(d) 0.3 0 56.3 67.5 325 e
-8 38.3 54.9 31.1 Zzﬁ
Effect of power input
1) 61 r
{deg) {(sq ft)
9(e) |0.3] =8 15 38.3 5&.3 z31.1 L2.l
0 36.3 55. 30.8 35.9

8411 conditions not speclfied correspond tc orlginal assumptions.
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